Stromal acidification has been reported to mediate reduced osmotic potential (I,,) effects on photosynthesis in the isolated spinach chloroplast Plant Physiol 72: 1100-1109 In a series of papers (3-6), we have used the isolated spinach chloroplast as a model system to characterize dehydration (induced via external hypertonicity) effects on photosynthesis. The most sensitive step of photosynthesis to stress was identified as the site of fructose 1,6-bisphosphatase activity (4). Osmotically induced stromal acidification was cited as mediating the most severe water deficit inhibitions of photosynthesis (5) Reduced external *,'I facilitated dehydration (within the range that we have used in our chloroplast studies) and has been found to inhibit photosynthesis in protoplasts (11), isolated cells (17), and leaf slices (9-11). Therefore, the results of our work with the isolated chloroplast have led us to speculate that dehydrationinduced stromal acidification may occur in vivo, and may be the cause of nonstomatal-mediated inhibitions in photosynthesis of droughted leaves, which Farquhar (7) has recently indicated to be a major limitation to crop growth under water deficits. Two points crucial to this speculation are: (a) does the interposition of the cytoplasm of the intact cell alter low ',. effects on photosynthesis such that stromal acidification either no longer occurs, or no longer mediates the most severe stress inhibition of the photosynthetic process; and (b) if stromal acidification does occur in response to water stress in vivo, will stromal alkalating agents still be able to reverse the inhibition and enhance photosynthesis within the milieu parameters of the intact cell. With regards to the first point, it was hypothesized that stromal volume reductions (and concomitant acidification) probably do occur in vivo based on work recently published by Kaiser (10). He showed that, despite the fact that photosynthesis in leaf slices of different species has differing sensitivity to depressions of reaction solution I,+, photosynthesis of all species tested was similarly affected by reductions via osmotic dehydration of the relative protoplast volume. These data implicate the shrinkage of the protoplast during dehydrating environmental stress conditions as the cause of nonstomatal-mediated water stress inhibition of photosynthesis in leaves. As the osmotically active limiting membrane of the chloioplast envelope has a low modulus of elasticity (16) 
NH4CI. These data indicate that in vivo water stress inhibition of photosynthesis is facilitated by stromal acidification, and that this inhibition can be at least partially reversed in situ.
In a series of papers (3) (4) (5) (6) , we have used the isolated spinach chloroplast as a model system to characterize dehydration (induced via external hypertonicity) effects on photosynthesis. The most sensitive step of photosynthesis to stress was identified as the site of fructose 1,6-bisphosphatase activity (4) . Osmotically induced stromal acidification was cited as mediating the most severe water deficit inhibitions of photosynthesis (5) . Reversal of stromal acidification by addition to the photosynthesizing milieu of stromal alkalating agents was found to double the rate of photosynthesis under a stress treatment (0.67 M sorbitol), while photosynthesis under isotonic (0.33 M sorbitol) conditions was either unaffected or inhibited by the alkalating agent (5 leaf slices which were vacuum infitrated with reaction media of varying I,, along with an intact whole eukaryote green alga (Chlamydomonas) and a prokaryote blue-green alga (Aphanocapsa) undergoing photosynthetic CO2 fixation in media of varying ',, were used to probe the mediating mechanism of in situ photosynthetic response to instantaneous osmotic dehydration.
MATERIALS AND METHODS
Spinach Leaf Slices. The methods of Kaiser (10) for preparation and use of leaf slices for photosynthetic studies were used with modification to prepare leaf slices from spinach (Spinacia oleracea, var 'Long Standing Bloomsdale') grown according to Berkowitz and Gibbs (3) . A cork borer was used to cut out discs (10 mm diameter) from leaves of 6 to 8-week-old plants. The discs were rinsed in distilled H20 and blotted dry. Razor blades were used to cut 0.5 to 1.0-mm-wide slices from the discs. The slices were floated on 3.5 ml of infiltration medium in 50-ml Erlenmeyer flasks. These vessels were used for medium infiltration, incubation, CO2 fixation, leaf slice killing, and assimilate extraction; this reduced errors involved in transfer of the leaf slices. The infiltration and reaction medium included 20 mm Hepes-NaOH (pH 7.6), 1 After vacuum infitration, the leaf slices were incubated in the dark for 10 to 15 min, and then the reaction vessels were shaken in a water bath maintained at 20°C. For CO2 fixation assays, illumination from fluorescent lamps was from below at about 350 w/m2. Leaf slices were incubated in the light for 3 min before introduction of NaH'4C03. After the pre-illumination period, 0.5 ml of reaction (infiltration) medium containing NaH 4CO3 was pipetted into the vessels. The final concentration of NaH'4CO3 was 15 mm (0.167 ,uCi/t,mol) in the 4-ml total reaction medium with each vessel.
After 10 min of illumination in the presence of 15 mm NaH'4CO3, the leaf slices were killed by pipetting 20 ml of a solution containing 4% HCOOH and 96% ethanol directly into the reaction vessels. After killing, the vessels were sealed and shaken overnight at room temperature. The leaf slices were then sonicated for 45 s at half-maximal output on a Branson 200 cell disruptor. The vessels were then sealed and shaken for 30 min, and then 14CO2 fixation for each sample was ascertained using liquid scintillation counting. Chl was determined for each experiment from slices from a set of four discs which were extracted with 80%o acetone. Chl was determined according to Arnon (2 Hepes-NaOH (pH 8.0). 14CO2 fixation studies were undertaken as described for Chlamydomonas cells (14) except that the reaction medium contained 50 mm Hepes-NaOH (pH 8.0), 1 mM MgC12, 1 mm MnCl2, 2 mm Na2EDTA, 0.25 mm KH2PO4, 5 mm NaHCO3 (4 ,tCi/,mol), and varying mannitol concentrations. Chl a was extracted in 100%1o methanol and the content determined according to Mackinney (15) .
RESULTS AND DISCUSSION
As has been demonstrated by Jones (9) and Kaiser et al. (11) , reductions in the reaction medium I,. inhibited CO2 fixation in spinach leaf slices (Fig. 1) . The stress treatment of 0.67 M sorbitol represents a 10 bar depression from isotonicity (4) and generally facilitated a 40 to 60%1o inhibition in photosynthetic rate (six experiments, data not shown). The data in Figure 1 indicate a 48% inhibition at the stress treatment with no NH4C1 present.
The rate of CO2 fixation at the stress treatment increased with increasing NH4C1 up to 5 mm. At 5 mm NH4Cl, CO2 fixation at 0.67 M sorbitol was stimulated by 43%. In contrast, NH4Cl had either no effect (i.e. below 5 mM) or inhibited (at or above 5 mM) CO2 fixation under the control treatment (Fig. 1) . These data indicate that NH4C1 effects on photosynthesis of leaf slices under control and dehydrating conditions are qualitatively similar to quaternary ammonium compound effects on water-stressed and nonstressed isolated chloroplasts (5) . As this NH4C1 enhancement of photosynthesis under dehydrating conditions has been shown to be mediated by reversal of low I,7-induced stromal acidification in chloroplasts (5) , the enhancement of photosynthesis in leaf slices-by NHT4C1 uindeir stressc condiitionsl ca.n be takepn to indicate that under in situ conditions, the most severe deleterious effect of dehydration via instantaneous exposure to hypertonicity on photosynthesis is also mediated by stromal acidification. These data also provide evidence that stromal alkalization can be facilitated in leaf slices.
The concentration of NH4C1 required to enhance leaf slice photosynthesis optimally (i.e. facilitate stromal alkalization) under the stress treatment (Fig. 1) is about an order of magnitude greater than that required with isolated chloroplasts (5, 6) . This was expected because of the additional barrier (the plasmalemma of intact cells) to base diffusion to the stromal compartment. Of the total NH4' and NH3 in solution outside the cells in the leaf slices, only a small fraction (the NH3 pool) can cross the cell membrane and enter the cytoplasm.
It should be noted that deleterious effects of super-optimal concentrations of NH4Cl on leaf slice photosynthesis at both stress and control treatments (Fig. 1 ) might be due to uncoupling of photophosphorylation, as has been discussed with chloroplasts (5). Some uncoupling might be occurring in the presence of NH4C1 at 0.67 M sorbitol at concentrations below 6 mm despite the net result of photosynthetic rate enhancement (Fig. 1) . Therefore, it cannot be determined from these data whether or not additional photosynthetic rate enhancement in leaf slices would occur under dehydrating conditions if stromal alkalization could be facilitated without the adverse effect of uncoupling. The results shown with NH4Cl are not specific to this quaternary ammonium compound, as methyl amine had similar effects on photosynthesis at the control and stress treatment (data not shown).
In a recent paper (14) , Klein et al. indicated that isolated intact chloroplasts from the fresh-water green alga C. reinhardii were very sensitive to osmotic stress (and low reaction medium pH). Optimal photosynthesis occurred at 0.125 M mannitol, with photosynthetic rate inhibition of 94% at 0.25 M mannitol (14) . The linear decline in photosynthesis with decreasing I,. was a 20.8% inhibition of optimal rate per bar decrease in reaction medium I,,. The corresponding rate of decline in photosynthesis of spinach chloroplasts was 6.4%; the algal chloroplast was over 3 times more sensitive to osmotic dehydration. Because of this increased sensitivity of photosynthesis in the Chlamydomonas chloroplast, NH4Cl effects on osmotic stress-mediated inhibitions in photosynthesis were investigated. Data presented in Figure 2 indicate that this intact algal cell was also more sensitive to reduction in ',T than both spinach chloroplasts (4) and leaf slices (Fig. 1) , with the whole cells demonstrating a 17.0%o inhibition in optimal activity per bar decrease in ',,. The data in Figure 1 ( Osmotic inhibition of photosynthesis in Aphanocapsa was also observed (Fig. 2) . Again, NH4Cl enhanced photosynthesis under a stress treatment (0.76 M mannitol) and facilitated little to no enhancement under isotonic (0.16 M mannitol) conditions (Fig. 3 ). These data demonstrate that the cytoplasm of the prokaryotic blue-green alga is most likely acidified under reduced I,,, just as has been demonstrated with the chloroplast of eukaryotic cells ( Fig. 1 ; also see Ref. 5) .
In summary, data have been presented which clearly indicate the possibility that in all photosynthetic organisms, stromal (or, in the case of prokaryotes, cytoplasmic) acidification facilitates the most severe deleterious (nonstomatal-mediated) effects of reduced I, on the photosynthesizing unit in situ. These data substantiate our previous speculations (5, 6 ) that many of the metabolic lesions associated with osmotically induced dehydration observed in vitro may be occurring in vivo and be responsible for nonstomatalmediated water deficit inhibition of photosynthesis in crop plants.
Comparison of reduced I,. and NHICl effects on photosynthesis in spinach and Chlamydomonas indicate that there may be a substantial difference in both cellular dehydration inhibition of photosynthesis (as Kaiser has demonstrated; 10), and the extent of stromal acidification in eukaryotic species, although this point clearly warrants further investigation. Finally, evidence that acidification occurs in both the prokaryote cytoplasm and the eukaryote stroma may provide the basis for future research in terms of elucidating the biophysical principles involved in dehydrationinduced acidification.
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